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function effectively shelters one duplicate from selection, allowing it to diverge via random mutation (40) . In many cases degenerative mutations accumulate within the coding region and/or promoter of this duplicate and gene function is ultimately disabled through pseudogenization (40) . Less frequently, however, gene duplicates diverge in function, subsequently deriving subfunctional properties via loss-of-subfunction mutations or neofunctional properties via positive selection (24, 30) .
Many isoforms result from duplication events, either via WGDs or single-gene duplications. While some have neofunctionalized to fulfill novel biological roles, others are the result of subfunctionalization and have partitioned ancestral functions (24) . Although subfunctionalization tends to imply a division of labor in terms of functional synergy, it can also occur in a context-dependent manner, where one isoform is expressed preferentially on a temporal or developmental scale or in response to variable environmental factors such as temperature or oxygen availability (21) . In these cases, however, the subfunctionalized isoform also undergoes a degree of neofunctionalization (jointly subneofunctionalization) (40) , as its mechanism has diverged from that of the original to greater benefit in a specific context. In both subfunctionalization and neofunctionalization, gene duplication is typically followed by a period with relaxed functional constraints when functional divergence occurs, after which purifying selection is reinstated, conserving enzyme function (4) .
Some research has focused on metabolic isoforms in the context of WGD events; recently the glycolytic pathway was analyzed for evidence of such isoforms (41) . Although individual glycolytic enzymes possess isoforms that likely originate from the early WGD events, there appear to be no general patterns of isoform origin for the entire pathway (41) . Little work has been done on isoforms of other metabolic pathways, such as those driving oxidative metabolism. Enzymes in this pathway are generally under intense purifying selection (37) , and there is only minimal opportunity for duplicates to diverge in ways that enhance their overall function. Nevertheless, duplicates persist for some key regulatory components of oxidative metabolism, such as cytochrome oxidase (COX).
COX plays an important regulatory role in electron transport, catalyzing the reaction of atmospheric oxygen to water and translocating protons to the intermembrane space to drive ATP synthesis. While prokaryote forms of COX contain only the three core catalytic subunits (48) , eukaryotes possess nuclear genes for additional subunits. The number of nuclearencoded subunits generally increases with the organismal complexity; our study explores the origins of COX subunit isoforms in vertebrates.
We investigated the origin of COX isoforms with three main goals. First, we evaluated the evolutionary origins and subsequent diversification patterns of nuclear-encoded COX isoforms in vertebrates using Bayesian phylogenetic analyses with specific attention to nonsynonymous and synonymous mutation rates; elevations in the relative fixation rates of nonsynonymous substitutions can be an indicator of functional change. Second, we compared their respective tissue-specific expression patterns (relative mRNA levels) in zebrafish (Danio rerio) to those reported in mammals to assess whether paralogs (homologs separated by gene duplication events) and orthologs (homologs separated by speciation events) are likely to play similar roles across tissue types and major lineages. Third, we compared overall subunit stoichiometries, as indicated by transcription profiles, quantitatively across tissues to test whether specific subunits might be "rate-limiting" to COX synthesis and thus a potential target for preferential regulation of holoenzyme assembly.
METHODS

Gene Sequence Retrieval
All nuclear COX sequence data was retrieved from online databases Ensembl and GenBank (Supplemental Table S1 1 ). Introns were removed from genomic sequences prior to retrieval, and taxa with sequences of insufficient length and/or quality were removed from further analysis.
Bayesian Analyses
Multiple nucleotide sequence alignments for isoforms of each subunit were performed using ClustalW (27) via Molecular Evolutionary Genetics Analysis 4.0 (42) . Alignments were based on corresponding amino acid sequence alignment where applicable, and sites within alignments containing gaps were down-weighted to zero for all subsequent analyses. We used ModelTest version 3.7 (35) to determine the best model of evolution for individual loci based on the Akaike Information Criterion.
Bayesian phylogenetic analyses (MrBayes 3.1) (19) were performed on nucleotide sequence data from each individual locus. In cases where models of evolution selected by ModelTest required numbers of rate classes not implemented by MrBayes, we used the next most complex model available. For each gene, each of two simultaneous Bayesian analyses were run for at least 1 ϫ 10 6 generations, each with Metropolis-coupled MCMC using four incrementally heated Markov chains per generation and Markov chains sampled every 100 generations. Convergence and an appropriate "burn-in" were assessed by visually inspecting the trace of the parameters across generations using Tracer v1.4.1 (38) . A conservative 25% of trees were discarded as burn-in.
dN/dS Ratios
Using codon-based models in PAML version 3.14b3 (50), we evaluated dN/dS ratios along branches of interest in the Bayesian trees of each subunit and its respective isoform(s). To study the effects of gene duplication on patterns of selection, we adapted the model implemented by Bielawski and Yang (4) . This model uses loglikelihood ratio tests (LRTs) to test dN/dS ratio models of varying complexities. The simplest model assumes that all branches in the tree evolve under equal selective pressures, with one universal dN/dS ratio (1 ratio test). The next simplest model assumes that selective pressures for all branches preceding gene duplication are equal and that selective pressures for all subsequent branches are also equal (2 ratio test). The next most complex model again assumes that all branches preceding gene duplication evolve under equal selective pressures, but that the two branches immediately succeeding gene duplication evolve under equal selective pressures with all subsequent branches subject to equal selective pressures. Thus, models increase in complexity respectively and the LRTs comparing these models examine the differences in selective pressures before gene duplication and in all subsequent branches. We test succeeding models using the LRT statistic, 2⌬l (twice the log likelihood difference), which is equal to 2(lnL 1 Ϫ lnL0), where lnL1 is the log likelihood under the more complex model and lnL0 is the log likelihood under the simpler model. The LRT statistic is compared with the critical values (P Ͻ 0.05) of the -square distribution using the degrees of freedom for each respective model, as determined by the number of additional parameters required.
Sample Collection and RNA Purification
Forty zebrafish for tissue transcription profiles (Danio rerio) were purchased from a local pet store and kept in a 40-liter aquarium. They were maintained at 28°C with a 12 h photoperiod and fed ad libitum. After a holding period of at least 6 wk, the zebrafish were euthanized by immersing them in a buffered MS222 (tricaine methane sulphonate) solution (0.4 g MS222 ϩ 0.8 g Na 2HCO3/l). Gills, heart, brain, liver, and white muscle tissues were dissected from each fish, and tissues from three to five individuals were pooled for each sample. All tissue samples (except for the white muscle) were placed in Qiagen RNeasy lysis buffer immediately after dissection and dispersed by syringe. The RNA was extracted from the tissue samples using a Qiagen RNeasy kit following the manufacturer's protocol. The white muscle tissue samples were frozen immediately in liquid nitrogen. The RNA was extracted from the samples in 5 ml of TRIzol reagent (Invitrogen). The samples were homogenized in TRIzol and centrifuged at 2,000 g for 30 min. The supernatant was recovered and 1 ml of chloroform added. Once the phases separated, the samples were centrifuged at 2,000 g for 30 min, and the resulting uppermost aqueous phase was retained (ϳ2-5 ml). The RNA was then precipitated with 2.5 ml of isopropyl alcohol, washed with 5 ml of 75% ethanol, and resuspended in 130 l of RNase-free water. All RNA samples were quantified by measuring the absorbance at 260 nm. Three RNA samples from each tissue were used to make cDNA. Each sample was first DNase treated using RNase-free DNase I (Invitrogen). Reverse-transcriptase from SuperScript III (Invitrogen) was then used to create cDNA for all 15 samples.
qPCR Analysis
Primers were designed from published sequence data to amplify 100 -200 bp regions of each nuclear-encoded COX isoform in zebrafish cDNA (Supplemental Table S2 ). PCRs were carried out for each primer set using an Eppendorf Mastercycler Gradient thermal cycler. All reactions were done using 2.5 l of 10ϫ PCR buffer, 1 l of 25 mM MgCl 2, and 0.15 l of Taq DNA polymerase (Qiagen), as well as 2 l each of the appropriate forward and reverse primers (diluted to 7.25 mM), 10 ng of template, and enough autoclaved water to bring the reaction to 25 l. PCR runs involved a 3 min initial denaturation time at 94°C, 40 cycles of 15 s at 94°C, 30 s at 61°C, and 36 s at 72°C, followed by a final extension time of 10 min at 72°C. Resulting PCR products were run on 2% agarose gels, and visualized with ethidium bromide. DNA bands at the correct lengths were excised and purified by a Qiagen Gel Extraction Kit and ligated into pDrive cloning vectors (Qiagen). The plasmid vectors containing DNA fragments of each isoform were transformed into DH5␣-competent cloning cells (Invitrogen) and plated onto agar plates with X-gal/ampicillin selection. Positive-testing colonies were plucked and grown in Lysogeny broth with ampicillin (50 ng/l). Plasmids were isolated using a Qiaprep Spin Miniprep kit, quantified at 260 nm, and sequenced (Robarts Research Institute). Samples were sequenced with an Applied Biosystems 3730 Analyzer and aligned with published sequences to verify that the primers amplified the correct isoform fragment. Annealing temperatures of all primer sets were optimized to ensure that only the corresponding isoform was amplified, and dilution curves were run in qPCRs using both template and plasmid dilution series. All qPCRs were run in 96-well optical plates (Applied Biosystems) using a 7300 Real-Time PCR System (Applied 22 Biosystems). Runs consisted of a 15 min initial denaturation time at 95°C, then 40 cycles of 15 s at 95°C, 1 min at 59 -65°C, and 36 s at 72°C, followed by a melt curve analysis consisting of 15 s at 95°C, 1 min at 60°C, and 15 s at 95°C. Each sample was run in duplicate, and reactions were made up of 12.5 l of 2ϫ QuantiTect SYBR Green PCR master mix (Qiagen), 2 l each of the corresponding primers (diluted to 7.25 mM), 3.5 l of autoclaved water, and 5 l of template (25-100 ng). cDNA samples were run in qPCRs with all primer sets, their corresponding plasmid standards, and no-template controls. Results (cycle threshold values or Cts) were translated into number of copies of target cDNA using the plasmid containing the corresponding insert. This allowed for the conversion of Ct values to copy numbers but did not correct for any differences that may exist between reverse-transcriptase efficiencies. Correction for efficiency in cDNA synthesis was performed by adjusting these results based on TATAbinding protein (TBP) amplification. In brief, the median value of the TBP Cts for each tissue was used to adjust the copy number of each sample within the tissue, assuming that TBP levels were constant.
RESULTS AND DISCUSSION
Our analyses showed that vertebrates differ considerably in the repertoire of isoforms available for each nuclear-encoded subunit, with important roles suggested for ancient genome duplications (1R, 2R), the teleost duplication (3R), and lineage-specific gene and genome duplications (e.g., Xenopus). Multiple paralogs confer opportunities for tissue-specific specializations, either in terms of structural specialization or timing of expression. Most studies of COX structural and functional evolution in animals have focused on primate models (14, 26, 39) , whereas much less is known of the evolutionary events earlier in vertebrate history. Our study explores the origins and radiation of COX nuclear encoded subunits in vertebrates, contrasting the pattern seen in a model teleost (zebrafish) to some of the more intensively studied tetrapods.
Subunits with equal copies in fish and tetrapods
The dominant explanation for isoform diversity in vertebrates is based on 1R/2R WGD model (33) . After two rounds of genome duplication, selection on these early, basal duplicates led to a reduction in the number of gene copies such that the ancestor common to teleost fish and tetrapods possessed a given collection of isoforms prior to the divergence of these lineages. Though our analyses do not specifically test Ohno's hypothesis, where we find that subunit profiles are similar among fish and tetrapods we conclude that our observations are consistent with his 1R/2R WGD model. Of the 10 nuclearencoded subunits of COX, five subunits fall into this category. COX7c and COX6c have no paralogs in any vertebrate lineage. COX4 and COX6a are present as two paralogs in fish and tetrapods. In each vertebrate lineage COX7a has two orthologs, with a third pseudogene.
COX4 paralogs. COX4 binds catalytic COX1 and COX2 on the matrix side of the inner mitochondrial membrane. In mammals, there are two paralogs of COX4, COX4-1 and COX4-2, which differ in their sensitivities to adenylates (18) . Under normal conditions, a high ATP/ADP allosterically inhibits COX possessing COX4-1 (32), but COX possessing COX4-2 escapes allosteric inhibition (18) . In mammals, COX4-2 is preferentially expressed in oxygen-sensitive tissues, such as lung and brain, but in other tissues it is induced by hypoxic conditions (21) . In zebrafish, the same expression patterns are seen; the mRNA for COX4-1 is more abundant in liver, white muscle, and heart, whereas COX4-2 is more abundant in brain and gill (Fig. 1) .
Phylogenetic analyses show that vertebrate COX4 orthologs have closer affinities than do paralogs ( Fig. 2A and Supplemental Fig. S1 ), suggesting that the genes duplicated early in vertebrate evolution. Huttemann and colleagues (22, 23) imply that COX4-1 is likely to perform the ancestral function; however, our studies suggest that COX4-2 has a closer affinity to the single invertebrate COX4. Phylogenetic and dN/dS analyses suggest that COX4-2 is likely to retain the ancestral COX4 function, while COX4-1 is more diverged (see Appendix for LRT tests). Relatively low dN/dS ratios leading to the COX4-2 isoforms imply that strong purifying selection has provided minimal opportunity for this isoform to functionally diverge; however, after duplication, bouts of relaxed selective constraint, and possibly positive selection, appear to be responsible for the divergence of COX4-1 across major lineages ( Fig. 2A,  Supplemental Fig. S1 ).
Like animals, budding yeast (Saccharomyces cerevisiae) possesses an oxygen-dependent COX4 isoform-switching capacity (though in yeast, the ortholog of animal COX4 is called COX5) (44) . Consistent with previous studies (21), our Bayesian phylogenetic analysis of these isoforms across eukaryote representatives shows that the oxygen-sensitive paralog pairs in yeast are not orthologous with those found in animals (Supplemental Fig. S2) . Thus, the oxygen-sensitive switch seems to have evolved independently in these lineages. In both lineages, the hypoxia-induced orthologs (animal COX4-2, yeast COX5b) appear to be more ancestral in terms of function, with the ubiquitously transcribed COX5a partner arising from gene duplication (7) . We suggest that this may be a case of convergence, at least in terms of promoter regulation, although it is not yet clear if they are similar in terms of mechanistic benefits. It has been suggested that the underlying advantages of the oxygen-responsive ortholog may relate to reductions in hypoxic production of superoxide (18, 44) or nitric oxide (7, 34) .
COX6a paralogs. The COX6a subunit bridges two COX monomers to stabilize the dimer (45) . Fish and mammals possess two COX6a isoforms, while invertebrates have a single COX6a gene, a pattern consistent with a 1R or 2R WGD (Fig.  2B, Supplemental Fig. S3 ). The two fish isoforms are very similar to the invertebrate subunit; the dN/dS ratios were ϳ0.11 along all branches following gene duplication. However, the tetrapod orthologs show greater divergence than do those in fish. Within the tetrapods, the divergence between the COX6a isoforms of mammals and other animals is consistent with a hypothesized role in thermogenesis (20) .
A characteristic feature of COX catalytic function is the efficiency of proton pumping, measured as the ratio of protons pumped per electron transferred (H ϩ /e). In bacteria and most eukaryotes, the H ϩ /e ratio is near 1.0. Different ratios are seen in mammals in a manner that depends on both the COX6a subunit and ATP/ADP (20) . When the mitochondrial membrane potential is hyperpolarized (Ͼ140 mV), reactive oxygen species (ROS) production and proton conductance increase exponentially (25) . Thus, under low energy conditions, it would be advantageous for mitochondria to maximize proton pumping efficiency (high H advantageous to have a lower H ϩ /e to minimize ROS production and proton leak. In mammals, the ubiquitously expressed "liver" isoform (COX6a1) maintains a ratio of protons to electrons (H ϩ /e) Ͻ0.5, while the "heart-type" isoform (COX6a2) adjusts the H ϩ /e from 0.5 at high ATP/ADP to 1.0 at low ATP/ADP (20) . Thus, the mammal COX6a variants confer a reduced and flexible H ϩ /e. Since a reduced COX efficiency would also promote heat production, Huttemann et al. (20) hypothesized that COX6a1 was important in the evolution of mammalian thermogenesis. If mammals benefit from their COX6a2 ortholog for thermogenesis, we would expect this to be a derived trait specific to this lineage, but the orthologs appear to have arisen long before the origin of mammals. It remains to be shown whether COX6a1 and COX6a2 in nonmammalian vertebrates have diverged in terms of their proton pumping efficiencies. When Hutteman and colleagues (20) analyzed COX6a in fishes, only the COX6a2 ortholog had been identified. Although they suggested that characteristics unique to the COOH terminus of the COX6a1 (liver isoform) in mammals might be involved in thermogenesis, COX6a1 sequence comparisons show that many residues of interest are conserved in ectotherm orthologs (Fig. 3) .
In mammals, the liver-type COX6a1 is expressed in most tissues, whereas the heart-type COX6a2 is restricted to striated muscles (20, 29) . Zebrafish tissues showed distinct tissuespecific transcript patterns for COX6a paralogs (Fig. 1) , which were similar in most cases to mammals. COX6a1 was the dominant isoform in brain (99:1) and gill (3:1), COX6a2 was dominant in heart (3:1) and white muscle (12:1), and liver possessed nearly equivalent levels of the two transcripts. In most respects, the tissue-specific transcriptional profiles for COX6a were mirrored by COX4 (Fig. 1) , with one isoform dominating in brain and gill, and the other more abundant in muscles.
COX7a paralogs. The function of COX7a is not well established. In mammals, there are three recognizable COX7a genes. COX7a2 is expressed in most tissues, whereas COX7a1 is expressed only in muscle tissues (4) . The third isoform, COX7a3, appears to migrate to the Golgi, suggesting that it no longer participates in COX function but appears to have undergone neofunctionalization (39) . Based on amino acid sequence comparisons (39) , COX7a3 in fishes also possesses targeting presequence that might direct it to the Golgi body. The presence of this gene in fishes suggests gene duplication occurred before the actinopterygiian/sarcopterygiian split, consistent with the 1R/2R hypothesis (39) . Transcriptional analysis of COX7a isoforms excluded COX7a3, though it was expressed in all tissues studied at levels close to that of COX7a2.
Teleost COX7a2 appears to be orthologous to the mammalian COX7a2 isoform. It too is present in large amounts in all tissues and therefore may be the ubiquitous isoform in teleosts as well. The absence of detectible COX7a1 transcripts in zebrafish suggests that it has undergone pseudogenization in this lineage: the coding region contains no stop codons, and thus it is possible that the promoter has lost its activity.
The dN/dS analyses for COX7a reveal a period of relaxed selective constraint following the first gene duplication event, consistent with the model of Bielawski and Yang (4) (Fig. 2C,  Supplemental Fig. S4 ). Isoform COX7a3 in fishes and mammals subsequently underwent purifying selection, likely following neofunctionalization. While it is uncertain whether the function of isoform COX7a3 in fish is consistent with that in mammals, extremely low dN/dS ratios suggest that there has been relatively little functional change between the two. The other COX7a isoforms remained under relaxed selective constraint.
Subunits with Extra Copies in Teleosts
Many genes are found to occur with extra copies in teleosts, and the most common explanation for this is a third WGD event, thought to have occurred early in the teleost lineage (41) . Of the 10 nuclear-encoded subunits, two possess additional paralogs in fish: COX5a and COX5b.
COX5a paralogs. COX5a is located on the matrix side, adjacent to the ATP binding domain of COX4. In mammals, it binds thyroid hormone to block the ATP-mediated inhibition of COX activity (1) . This subunit appears to have evolved faster in primates, and since this thyroid-binding mechanism may increase metabolic rate, it has been suggested that the faster evolution could be related to the greater energy demands of the cerebral cortex in this lineage (46) . Our phylogenetic analysis shows that fishes possess an additional COX5a paralog (Fig.  2D, Supplemental Fig. S5 ). The COX5a1 and COX5a2 paralogs share greater phylogenetic affinities with each other than with their tetrapod ortholog, suggesting that they arose in a fish-specific duplication event. Without knowledge of the structural basis of the regulatory features (e.g., thyroid hormone interaction motif), it is difficult to predict if the two isoforms would function equivalently in the holoenzyme.
In each tissue studied, the mRNA for COX5a1 was in vast excess to COX5a2, suggesting a diminished role for COX5a2. However, dN/dS analyses of COX5 isoforms within fishes revealed no change in selective pressures following gene duplication, with a low, constant dN/dS ratio (ϳ0.04) before and after gene duplication (Fig. 2D, Supplemental Fig. S5 ). An immediate reinstatement of strong purifying selection in both gene copies after duplication would typically indicate a dosage-response mechanism.
COX5b paralogs. COX5b is a single copy gene in mammals encoding a subunit located entirely within the matrix. It is phosphorylated at Ser40 in a cAMP-dependent manner, (16, 35) , which may enable covalent regulation of COX activity in response to physiological conditions such as growth (51) .
In contrast to mammals, fish possess two COX5b paralogs. These have been called COX5b1 and COX5b2, but the nomenclature is inconsistent in the various databanks. The paralog we identify as COX5b1 in fishes is the closest in structure to the sole COX5b of tetrapods; however, it is COX5b2 that has nearly ubiquitous expression in zebrafish. COX5b1 was the major transcript only in brain.
Central to COX5b function in mammals is a phosphorylation site (Ser40). In fish, COX5b2 possesses a threonine at this position, but an alanine is found in this position of COX5b1. Though the Ser-Thr replacement in fishes is unlikely to affect the capacity for phosphorylation, the alanine replacement would preclude phosphorylation-dependent regulation, either abolishing the effects of phosphorylation (e.g., 10, 28) or inducing unpredictable conformational changes in proteins (e.g., 2).
COX5b2 possesses the phosphorylation site of the mammalian isoform, but COX5b1 shares a greater overall similarity. Although dN/dS ratios indicate more than a threefold relaxation in purifying selection following gene duplication, we found no significant change in selective pressures along subsequent branches (Fig. 2E, Supplemental Fig. S6 ). However, if the mere replacement of a serine with an alanine at residue-40 accounts for the functional divergence indicated by the transcript profiles, then whole gene dN/dS analyses would lack the resolving power to detect respective changes in selective pressures. It is intriguing that there are two isoforms found in fishes for a subunit that has been implicated in regulating metabolic rates with growth (see 51), as fishes are known to experience diverse growth patterns, including indeterminate growth in most species (8) .
Subunits with Mammalian Duplications
The genes for three subunits are present in extra copies in mammals. COX6b occurs as two paralogs in fish and tetrapods, but primates possess an additional copy. COX7b and COX8 both occur as extra copies in mammals. There is one copy of COX7b in nonmammalian tetrapods and fish, and two copies in mammals. There are three COX8 paralogs in mammals, but only two in nonmammalian tetrapods and fish.
COX6b paralogs. Like COX6a, COX6b forms a bridge between COX monomers, binding with the cytosolic domains of COX2 and COX3 in the adjacent monomer (45) . Recently, it was discovered that COX6b aids in the binding of the mobile electron carrier cytochrome c. COX6b can reduce the turnover rate of COX by as much as 50% (49) and is believed to achieve this by repelling cytochrome c from the binding site via positively charged amino acids (22) . The mammalian COX6b2 is expressed only in testes. This isoform may interact with a testes-specific cytochrome c to augment ATP production (22) .
It is difficult to infer the origins of COX6b isoforms from our phylogenetic analyses, in part because there are insufficient numbers of informative sites in the sequence data to completely resolve the phylogeny (Fig. 2F, Supplemental Fig. S7 ). While COX6b1b in fishes appears to be most conserved with the ancestral invertebrate COX6b subunit, it is difficult to determine whether other isoforms are the result of one WGD event, or the combined results of two. Again, dN/dS analyses provide no additional insight, except that purifying selection appears to have remained intense and constant (dN/dS of ϳ0.07) before and after gene duplication.
Transcripts for both isoforms were detected for all tissues sampled. COX6b1a was found to be the dominant isoform, with transcript levels at least 130 -300% higher than COX6b1b, in all tissues except muscle, where COX6b1a transcripts were detected at levels ϳ50% those of COX6b2 (Fig. 1) .
COX7b paralogs. While this subunit is known to interact with COX4 (45), little else is known about its functional or structural relevance to COX activity. This was the transcript with the lowest abundance in all zebrafish tissues (Fig. 1) . Though this might be expected in a subunit that exerts control over a multistep synthetic pathway, incorporation of this subunit into the holoenzyme is one of the last steps in COX synthesis (17) .
There are no known paralogs for this subunit in fish, but two paralogs exist in mammals. Although it is difficult to determine the exact origin of the tetrapod paralogs, they appear to be specific to mammals. No paralogs have yet been identified in nonplacental mammals, nonmammalian tetrapods, or fish (Fig.  2G, Supplemental Fig. S8 ), arguing against an origin dating to an early WGD event in basal vertebrates. Despite poor phylogenetic resolution, evidence of purifying selection, as indicated by dN/dS ratios, in COX7b1 suggests that it is the most conserved of the mammalian isoforms (Supplemental Fig. S7) .
COX8 paralogs. Very little is known about the function of COX8. In mammals, there are three paralogs but in nonmammalian tetrapods and fish there are only two paralogs (Fig.  2H, Supplemental Fig. S9 ). The phylogeny for COX8 is poorly resolved and gives no insight into which isoform is most conserved with the invertebrate ancestor (Fig. 2H , Supplemental Fig. S9 ). With such poor phylogenetic resolution, dN/dS analyses would be unreliable and so were not performed for this subunit. Perhaps because of this lack of variation, the nomenclature for identifying COX8 isoforms in the various databases is particularly uninformative. In zebrafish, one paralog (COX 8b, the heart/muscle isoform) was ubiquitously expressed, reaching levels that were between 4-and 99-fold higher than the other paralog (COX8a) in all tissues.
COX Subunit Expression Patterns
COX synthesis is recognized as a complex process involving coordinated expression of the various nuclear-encoded genes, creating precursors that are imported and assembled in conjunction with mtDNA-encoded subunits. We conducted quantitative transcript abundance analysis of the COX nuclear subunits across tissues (Fig. 4) for two purposes. First, in conjunction with our sequence analysis of paralogs for each subunit, we compared transcript abundance to see which paralog dominates in which tissue. An important element of our Fig. 4 . Relative copies of transcripts for each COX nuclear-encoded subunit (as summed from respective isoform transcript levels) across zebrafish tissues. Values are ϩSE for samples and adjusted for RT efficiency assuming TBP mRNA is constant. Median TBP Ct was used to offset each value. Isoformspecific primers were used. approach was to employ plasmid standards to enable us to translate relative cDNA levels derived from real-time PCR into numbers of transcripts. Second, we compared patterns of paralog expression across tissues to identify combinations of isoforms that constitute tissue-specific expression patterns.
Subunit stoichiometries. COX monomers are composed of three mitochondrial-encoded subunits and 10 nuclear-encoded subunits. The bacterial enzyme is composed of only two or three subunits, homologs of the three eukaryote mitochondrialencoded subunits. The nuclear subunits have important roles in regulation of the enzyme and the stability of the COX dimer. Genetic manipulations that alter nuclear-encoded subunit transcript levels (e.g., siRNA) diminish catalytic activity and/or holoenzyme stability; however, it is not clear that each of the holoenzyme monomers in a normal cell necessarily possesses the full complement of 10 nuclear-encoded subunits (see 12) . Adaptive changes in COX activity are thought to be controlled primarily through transcriptional regulation, coordinated by transcription factor "master controllers" such as PGC1␣ (11) . Though there are clearly situations where posttranscriptional pathways are important (e.g., 21), the relative abundance of transcripts for each subunit would presumably have an impact on holoenzyme synthesis. The importance of such exquisite transcriptional coordination is diminished if some subunits are synthesized in excess. This confers a greater degree of control of holoenzyme synthesis on select genes, presumably those encoding the least abundant subunits.
For each subunit, we totaled the mRNA copies from each paralog and compared subunit mRNA levels among zebrafish tissues (Fig. 4) . Though we expected transcript levels to be roughly similar among subunits, we were surprised to find considerable difference in subunit stoichiometries. Present in vast excess to the least abundant transcripts were COX5a and COX8 (in all tissues), COX5b (in liver, white muscle and heart), and COX6b (heart). Present in the least amounts were transcripts for COX6c, COX7a, and COX7b (all tissues), COX4 and COX6b (all tissues except heart). Recently, Li and coworkers (28) used RNAi to assess if COX4 mRNA was present in excess of that needed to maintain COX activity in various mammalian cells. They found that COX4 mRNA was present at approximately twofold excess. It is not known whether these results are applicable in vivo, but it is noteworthy that COX6b, 7a, and 7b transcripts were similar or lower in abundance to COX4 in each tissue.
Tissue-specific patterns of expression. Many COX paralogs are categorized as tissue-specific forms based upon the earliest analyses of tissue expression patterns. For example, studies on mammals identified liver-specific isoforms of COX 4, 6a, and 8 (6, 20, 23) . In some cases, posttranscriptional pathways regulate the switch between subunits in assembly of the holoenzyme. In our study, several tissue specific patterns were observed.
There were several subunits where we found that one paralog was the most abundant transcript in all tissues. COX8b constituted 80 -99% of the COX8 transcripts in all five tissues surveyed. COX5a1 constituted Ͼ90% of the transcripts. For COX5b, the only tissue that possessed detectible mRNA for COX5b1 was brain, where it contributed ϳ60% of the COX5b transcripts.
The expression of COX4 paralogs has been linked to oxygen sensing and sensitivity. In our study, COX4-2 had the highest mRNA levels in brain and gills, analogous to the situation seen with mammals where this paralog is expressed in brain and lung. In our study, a very similar intertissue pattern was seen with COX6a: COX6a1 mRNA was more abundant than COX6a2 mRNA in brain and gills and lower in liver muscle and heart. The underlying basis for the oxygen-sensitive expression remains uncertain in mammals, though it does not appear to be a hypoxia inducible factor-dependent response (23) . To the best of our knowledge, the parallelism between COX4 and COX6a isoform switching patterns has not been reported in mammals.
General Conclusions
It proved difficult to assess the origins of all of the isoforms for nuclear COX subunits. Poor resolution of the phylogenetic relationships between isoforms within and across lineages is likely because many of the oxidative phosphorylation gene duplicates were lost as functional genes within the genome. Tissue-specific patterns may also be informative in a more global context, where expression patterns are compared between interacting subunits. For instance, the hypoxia-induced expression patterns of COX4 isoforms seem to mirror those of COX6a ( Fig. 2A, Supplemental Fig. S1 ), possibly indicating that when oxygen levels are limiting, the efficiency of protontranslocation by COX is increased.
While the subunit stoichiometries are not consistent with our expectation that subunit transcripts would be present in equal amounts, it is important to acknowledge the importance of gene expression. There are many levels of control beyond transcriptional regulation, and it would be interesting to see how well transcript profiles in each tissue actually correlate to respective subunit protein levels. 
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